The question of how dorsal-ventral polarity is established in vertebrates is central to our understanding of their early development. Several lines of evidence suggest that wnt-signaling is involved in the induction of dorsal-specific gene expression in the Spemann Organizer of amphibians. Here, we show that #?-catenin, acting as a component of the wnt-pathway, transiently accumulates in nuclei on the dorsal side of Xenopus and zebrafish blastulae. The spatially restricted nuclear translocation of p-catenin precedes the expression of dorsal-specific genes. In experimentally ventralized frog embryos the dorsal-ventral pattern of /3-catenin nuclear staining is abolished; in contrast, embryos hyperdorsalized by Li-ions or by injection of Xwnt8-mRNA exhibit an enhanced nuclear accumulation of /3-catenin. The results show that translocation of /3-catenin into nuclei in the wake of wnt-signaling is an early step in the establishment of the dorsal-ventral axis in frog and fish embryos.
Introduction
The dorsal-ventral polarity of the Xenopus embryo originates during the first cleavage cycle when the egg cortex rotates with respect to the core cytoplasm (for review, see Gerhart et al., 1989) . This symmetry-breaking cortical rotation relocates cortex-associated determinants from the area around the vegetal pole into the prospective dorsovegetal region of the egg (Fujisue et al., 1993) . Signals emanating from the thus established Nieuwkoop Center induce the Spemann Organizer in the dorsal marginal zone of the blastula (Nieuwkoop, 1969) . The appearance of transcripts of dorsal-specific genes represents the first known molecular activity specific for this region (Cho et al., 1991; Lemaire et al., 1995) .
Like other vertebrate homologues of the Drosophila wingless signal transduction cascade, the armadillo homologue B-catenin has been implicated in the signaling activity of the Nieuwkoop Center (McCrea et al., 1991 Smith and Harland, 1991; Sokol et al., 1991 Sokol et al., , 1995 Ku and Melton, 1993; Cui et al., 1995; Funayama et al., 1995; He et al., 1995; Karnovsky and Klymkowsky, 1995; Pierce and Kimelman, 1995) . This concept is based on observations of experimentally manipulated embryos. Antisense depletion of maternal /?-catenin mRNA suppresses the formation of dorsal structures (Heasman et al., 1994) . As this defective phenotype could not be rescued by injection of Xwnf8 mRNA, the function of /3-catenin in axis formation was assumed to be a downstream event of the wnt-signal. Accordingly, ectopic overexpression of /?-catenin in the ventrovegetal region of frog embryos mimics the effects of overexpressed Xwnt8: it induces organizer activity and results in the formation of secondary axes (Guger and Gumbiner, 1995) . Evidence for a participation of /3-catenin in dorsal axis specification has also been obtained from fish and mouse embryos (Haegel et al., 1995; Kelly et al., 1995) . Though these experiments are very suggestive of a function of /?-catenin in Nieuwkoop Center signaling activity, its precise role has remained unclear.
It was initially assumed that manipulation of p-catenin expression might interfere with its function in the control of cadherin-mediated cell-cell adhesion (for review, see Gumbiner, 1995) . However, overexpression of a mutant @-catenin construct, from which the cadherin binding site was deleted, was also capable of inducing secondary axes (Funayama et al., 1995) . This observation indicates that p-catenin might have additional functions in embryonic patterning. The unexpected finding that p-catenin is translocated into the nuclei of cells overexpressing this molecule has prompted speculations on a nuclear function of j?-catenin in axis formation (Funayama et al., 1995) .
Interpretations of overexpression studies often remain ambivalent due to the risk that the metabolic balance of the manipulated cell may be disturbed by the excess of the introduced molecule. Conclusions from the observations that nuclear translocation occurs in cells overexpressing b-catenin need to be validated by investigations of this process in normal, non-manipulated embryos. In this report, we provide evidence that fi-catenin is indeed translocated into the nuclei of the dorsal marginal zone of wild-type embryos. The phenomenon is observed only transiently at the midblastula stage before dorsal gene activity is known to commence. Observations of dorsalized and ventralized embryos corroborate the view that nuclear uptake of p-catenin is a step in the dorsal specification process. Our finding that ectopic overexpression of Xwnt8 in the marginal zone induces nuclear uptake of j!?-catenin links its nuclear translocation to the w&signaling pathway that participates in the specification of dorsal cell fates.
Results and Discussion

,!I-catenin accumulates in nuclei on the dorsal side of the midblastula
Nuclear localization of /?-catenin in the dorsal marginal zone of Xenopus blastulae was revealed by different methods of immunostaining. Thin sections (5pm) through a blastula, wholemount stained with anti Bcatenin antibody and a fluorescent second antibody, are depicted in Fig. 1 . The cell borders are heavily stained by the antibody indicating cadherin/catenin-mediated cellcell adhesion. In addition, the nuclei of the dorsal region are strongly stained (Fig. 1A) . This thin section method proves that the staining is truly intranuclear and is not due to the presence of /3-catenin in the perinuclear region. In general, the level of cytoplasmic #I-catenin is below the limits of detection in these cells. Nuclei in other regions of the blastula are free of /3-catenin (Fig. 1B) .
inspection of whole embryos stained for b-catenin by the immunoperoxidase method was used to assess the time course and the gross topology of fi-catenin nuclear translocation. In 95% of stage 8.5 blastulae stained for pcatenin (n = 87) a domain of stained nuclei was found in the dorsal marginal zone. The pigmentation of the embryos allowed the identification of their dorsal side in the blastula stage (Klein, 1987) , but it interferes with a closer analysis of the immunoperoxidase staining pattern. Albino embryos were therefore used in further experiments.
Twenty embryos each were collected at half-hour intervals between stages 5 and 10, fixed and immunostained. The stained cell borders reveal the outlines of individual cells on the surface of the embryos. Nuclear localization of B-catenin commences shortly after stage 8 and is most prominent at stage 8.5. It is spatially restricted to the side of the embryo that represents the dorsal side, as we know from the previous experiments with pigmented embryos (Fig. lC,D) . The domain of stained nuclei embraces approximately one third of the equator and extends from the marginal zone into the vegetal and animal regions. The accumulation of /?-catenin is strongest in nuclei of the outermost cell layer and declines in deeper layers (Fig. 1E ). The method of on-section staining of vibratome slices instead of wholemount sections was used in this experiment to ensure that the nuclear staining pattern is real and not produced by a retarded diffusion of the antibody into the embryo. The dorsal nuclear staining is transient and disappears from the dorsal domain before the blastopore lip forms at the beginning of gastrulation. A nuclear staining that appears later in the lateral and ventral marginal regions of the gastrula embryo has not been investigated further.
The time course of the early nuclear staining and its restriction to the dorsal side suggest a nuclear function of /3-catenin in axis formation that precedes the transcription of the earliest dorsally expressed genes siamois and goosecoid (Cho et al., 1991; Lemaire et al., 1995) .
Analysis of experimentally dorsalized and ventralized embryos suggests that nuclear translocation of &catenin and dorsal specification are causally linked.
Hyperdorsalization by lithium ectopically induces the translocation ofp-catenin into nuclei
A batch of albino embryos was treated with lithium chloride for 35 min at the 64-cell stage. One group of embryos was fixed at stage 8.5 and immunostained for Bcatenin. Treated embryos (n = 247) scored after 48 h in culture exhibited a dorsoanterior index (DAI) of 9.0, indicating that the hyperdorsalization procedure had been efficient. Immunostaining revealed that hyperdorsalization induced ectopic &catenin nuclear localization in 85% of the embryos analyzed (n = 67). Nuclei are stained in the whole embryo, though the original dorsal domain can still be distinguished by a stronger staining. It appears as though lithium induces an enhancement of nuclear translocation that is superimposed upon the wild-type pattern ( Fig.  2A,B) . In contrast to wild-type embryos, nuclear translocation also occurs in the deeper layers in embryos treated with lithium (compare Figs. 1E and 3A) . The scheme presented in Fig. 4 shows the distribution of /?-catenin-positive nuclei in wild-type and Li-treated embryos.
The effect of lithium on nuclear translocation differs Note that in all stainings#%catenin is also localized along all cell membranes, indicating its association with cadherins (Schneider et al., 1993) . Arrows indicate/3-catenin-positive nuclei. Scale: 20pm (A,B), 2CKl~m (CD), 4Opm (E).
topologically from the lithium effects on early dorsal gene sal gene expression cannot be detected. Therefore, nuexpression, e.g. goosecoid. The domain of dorsal gene clear translocation alone is not sufficient to elicit and expression in the early gastrula expands into lateral remaintain dorsal gene expression. If dorsal gene expresgions upon Li treatment, but it remains restricted to the sion requires nuclear translocation of /I-catenin, additional marginal zone (Cho et al., 1991) . Lithium-induced nufactors, that restrict the gene expression spatially, need to clear staining of /3-catenin occurs in regions in which dorbe postulated. 
VV-treatment abolishes the dorsal-ventral pattern of nuclear,&catenin localization and causes ,&catenin accumulation in nuclei at the vegetal pole
When cortical rotation is prevented by UV-irradiation of fertilized eggs, the embryos fail to develop dorsal structures (Gerhart et al., 1989) . To further investigate whether /3-catenin translocation is part of the pathway that establishes the dorsal signaling centers, a batch of eggs was UV-irradiated, such that the embryos exhibited a DA1 of 0.5 after 48 h (n = 227). Stage 8.5 blastulae from this batch were wholemount-stained for B-catenin. In 90% of the specimens (n = 147) tested, staining was restricted to a group of nuclei slightly off center of the vegetal pole (Fig.  2D) . No nuclear staining was found in any other region of these embryos (Fig. 2C) (schematic representation,  Fig.  4C ).
To explain these observations one might hypothesize that factors triggering nuclear entry of /?-catenin are localized at the cortex of the vegetal pole of the egg before rotation. Under normal conditions they would become shifted dorsally by the rotation process into the position of the prospective Nieuwkoop Center. In W-treated embryos such factors would remain in their original position and become active there in due time. Apparently, an active dorsal signaling center is established only when the processes that induce fi-catenin entry into the nuclei occur at the right location. As such, the process of /3-catenin nuclear transfer can be linked to the formation of the Nieuwkoop Center. The extent of cortical rotation in the untreated egg, however, displaces the cortex by only 30". That is not sufficient to explain the extension of the dorsal domain of nuclear #?-catenin localization, which is still evident far above the equator. One needs to postulate signaling mechanisms that relay the cellular activity of ,&catenin translocation from its origin in the Nieuwkoop Center further towards the animal pole. Members of the wntfamily have been implicated in the signaling activity of the Nieuwkoop Center (Smith and Harland, 1991; Sokol et al., 1991; Ku and Melton, 1993) . It was therefore of interest to explore the effects of wnt-signaling on Bcatenin nuclear translocation.
Expression of XwntB inducesI-catenin translocation into nuclei
Xwnt8 mRNA together with fl-galacrosidase (,&gal) mRNA as a lineage tracer were injected into the marginal region of UV-treated embryos at the four cell stage. At stage 8.5 the embryos were fixed and stained for /?-catenin and p-gal. In the vegetal and marginal zone b-galpositive blastomeres and several adjacent cells exhibited a strong nuclear /?-catenin staining (Fig. 3C ) (schematic representation, Fig. 4D ). Non-injected (Fig. 3B) or solely p-gal mRNA-injected embryos did not show this nuclear staining (data not shown). In wild-type embryos into which Xwnt8 mRNA was injected ventrally, a similar accumulation of /?-catenin in nuclei at the site of injection was observed (data not shown). These results demonstrate that the entry of b-catenin into nuclei can be induced by an ectopic wnt-signal. It argues for a nuclear function of p-catenin in wnt-signaling pathways. We propose that a field of wnt-signaling in wild-type embryos induces the nuclear translocation of /3-catenin during the specification of dorsal cell fates.
p-catenin translocation into nuclei demarcates the dorsalizing center in zebrafish blastulae
Transplantation experiments with Salmo (Long, 1983) and Fundulus (Oppenheimer, 1936) embryos indicate an inductive influence of the yolk syncytium which determines the dorsal side in the overlying blastoderm. The active region in the yolk syncytium appears to be the equivalent of the amphibian Nieuwkoop Center in fish. This idea is supported by our observation that a field of pcatenin-positive nuclei is found within the yolk syncytial layer of high blastula stage zebrafish embryos (Fig. 5A) . Ventralized fish embryos fail to exhibit the nuclear /?-catenin staining in the yolk syncytial layer (S. Jesuthasan, personal communication).
Uptake of b-catenin into the nuclei of the overlying blastoderm cells occurs at the sphere stage (Fig. 5B ) when gene expression commences in the future dorsal region (Schulte-Merker et al., 1994) . As it is in Xenopus embryos, the nuclear translocation is transient. It disappears from this region, which can now be identified unequivocally as dorsal, at the shield stage. The fact that the timing and spatial distribution of /?-catenin translocation occurs in a similar fashion in two distantly related species underlines the general importance of this process.
2.6. Nuclear uptake of maternal proteins in response to local signals determines dorsal-ventral polarity in early embryos: an analogous mechanism operating in frog, fish andfly?
Local uptake of proteins from a ubiquitous cytoplasmic maternal pool into nuclei may be a general regulatory event in early embryogenesis.
Timed and spatially controlled translocation of proteins that originate from the germinal vesicle of the oocyte into the nucleus occurs in the Xenopus embryo (Dreyer et al., 1982) . In response to local signaling the Drosophila transcription factor Dorsal enters the preblastoderm nuclei forming a nuclear concentration gradient along the dorsal-ventral axis (Roth et al., 1989) . The analogy of this observation in Drosophila to ours in frog and fish is striking.
/?-catenin is, strictly speaking, not a nuclear protein, but the distantly related importins are functional in nuclear transport (GGrlich et al., 1994) . This supports the idea that the protein binding capacity of the armadillo repeats confers the function of a shuttle molecule engaged in cytosolic-nuclear transport upon b-catenin (Pfeifer et al., 1994) . We propose that B-catenin, upon stimulation by wnt-signaling in the dorsal domain of the embryos, is responsible for the nuclear translocation of a maternal protein that is required for dorsal-specific gene activation.
Material and methods
Xenopus ana' zebrafish embryos
Adult Xenopus were purchased from African Xenopus facility CC. (South Africa). Eggs and embryos were maintained in I:10 MBS-H (MBSH: 88 mM NaCl, 1 mM KCl, 2.4 n&l NaHC03, 0.82 mM MgS04, 0.41 mM CaC12, 0.33 mM Ca(NO&, 10 mM HEPES (pH 7.4), lOpg/ml streptomycinsulfate and penicillin). Eggs were obtained from adult wild-type or albino females after injection of 500 U human chorionic gonadotropin (Serva) into the dorsal lymph sac and fertilized in vitro with macerated testis. After successful fertilization, the jelly layers were removed by incubation in 2% cysteine (pH 8) in 1:lO MBS-H and the embryos were cultured in 1: 10 MBS-H. Embryos were staged according to Nieuwkoop and Faber (1967) .
Wild-type zebrafish have been kept by inbreeding for several generations. Embryos were obtained by natural matings and staged according to Kimmel et al. (1995) .
Antibodies
Anti-P-catenin antibodies (a-P14L) were produced by immunizing rabbits with the synthetic peptide PGDSNQLAWFDTDL as described previously (Schneider et al., 1993) . This sequence is localized at the Cterminus of Xenopus ,!I-catenin and exhibits no homology to the closely related Xenopus plakoglobin polypeptide or to the armadillo repeat motif. Antibodies were purified from the immunsera using a Mini leakTM (Ken-EmTee) column coupled with the immunogenic peptide. Low affinity antibodies were removed from the column by washing with 100 mM glycine (pH 2.5) and high affinity antibodies were obtained by elution with 4 M MgC12. Adding lOO~g/ml of the peptide P14L during anti-/3-catenin-antibody incubation as a control abolished staining completely in every procedure used in this study.
3.3, Immunohistological procedures
3.3.1. Immunofluorescence on semithin plastic sections Xenopus embryos were fixed overnight at -20°C (80% methanol, 20% DMSO) and immunostained as wholemounts with the affinity purified polyclonal anti-peptide antibody P14L and a fluorescent goat-anti rabbit Cy3 antibody (Dianova) as described elsewhere (Schneider et al., 1993) . Stained specimen were embedded in glycolmethacrylate, sectioned (5 pm) and photographed under epifluorescence illumination with a Zeiss Axioplan microscope.
Wholemount peroxidase staining of albino and wild-type Xenopus embryos
Embryos were fixed for 1.5 h with 4% formaldehyde in 0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgS04, and permeabilized overnight at -20°C in 80% methanol, 20% DMSO. After several washes in PBST (0.14 M NaCl, 0.01 M phosphate buffer (pH 7.4), 0.1% Triton) the specimens were incubated for 1 h at room temperature in 5,uglml anti-p-catenin antibodies in 20% goat serum in PBST. In the same way, goat-anti-rabbit IgG (Sternberger) and rabbit-peroxidase-antiperoxidase (PAP) complexes (Sternberger)
were applied followed by washing with five changes of PBST within a period of 2 h. Peroxidase staining was developed using a metal-enhanced DAB substrate kit (Pierce) according to the manufacturer's instructions. This procedure yields whole embryos that are stained only two to three cell layers deep and allows the exact localization of the stained nuclei on the embryonic surface. In control samples, lOOpg/ml of the peptide P14L was added during anti-/I-catenin incubation. Further controls include treatments with an inert first antibody or without the first antibody. None of the controls exhibit any peroxidase staining. Stained specimens were cleared in benzyl alcohohbenzyl benzoate (1:2), analyzed and photographed under a dissecting microscope (Stemi 1 l/Zeiss).
On-section labelling of vibratome sections
Normal or manipulated embryos were prefixed for 1.5 h with 2% paraformaldehyde, 1 mM CaC12, 50 mM HEPES (pH 7.4), at room temperature and postfixed for 4 h with 4% paraformaldehyde, 0.1% glutaraldehyde, 1 mM CaCl*, 50 mM HEPES (pH 7.4) at 4°C. Specimens were washed in PBS, embedded and oriented in 3% agarose (Seakam, low melting) in PBS. Slices of 1OOpm thickness were obtained by sectioning of specimens with a vibratome (SlOOO/Pelco) as described (Ding et al., 1993) . Sections were permeabilized overnight at -20°C in 80% methanol, 20% DMSO, washed several times with PBST and incubated for 45 min with the first antibody in 20% normal goat serum in PBST at room temperature. In the same way, goat-anti-rabbit IgG (Sternberger) and rabbit-peroxidase-antiperoxidase (PAP) complexes (Sternberger) were applied followed by washing with five changes of PBST within a period of 1.5 h. Samples were equilibrated in 0.1 M Tris buffer (pH 8.0) for 10 min twice. Peroxidase-generated staining was developed by incubation with the DAB (diaminobenzidin)/metalenhanced substrate (Pierce) for 5 min. Color reactions were stopped in 2 ml 0.1 M HEPES (pH 7.4), 0.5% azide. Stained slices were dehydrated in graded methanol, cleared in Murray's solution (1:2 mixture of benzylacohol and benzyl-benzoate) and analyzed using Normarski optics.
Whole-mount staining of zebraBsh blastulae
Zebrafish embryos were fixed, whole-mount immunostained as described by Schulte-Merker et al. (1994) , cleared in benzyl-benzoate and photographed on a Compound microscope (Zeiss Axophot).
Li-treatment and VV-irradiation of Xenopus embryos
Embryos were ventralized by W-irradiation for 60 s at 30 min after fertilization or dorsalized by incubation for 35 min in 120 mM LiCl in 1: 10 MBSH at the 32-cell stage and fixed at the appropriate stage. The DA1 of Wventralized embryos and of Li-dorsalized embryos was scored 48 h after fertilization according to Kao and Elinson (1988) .
RNA coinjection and,&galactosidase staining
Capped synthetic Xwnt8 RNA and p-gal RNA were prepared using SP6 RNA polymerase as described (Sokol et al., 1991; Steinbeisser et al., 1995) . Normal or Wtreated embryos were injected into the marginal region with Xwnt8 mRNA (100 pg/embryo) and p-gal mRNA (15 pg/embryo) or,&gal mRNA as a control alone (15 pg/ embryo) at the four-cell stage. Precisely staged embryos were fixed for 1 h with 4% formaldehyde, 0.1% glutaraldehyde in 0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO,, washed with PBS and were stained for B-gal as described (Steinbeisser et al., 1989) . Specimens were postfixed for 4 h with 4% paraformaldehyde, 0.1% glutaraldehyde, 1 mM CaCl*, 50 mM HEPES (pH 7.4) at 4°C sectioned on a vibratome and on-section labelled with anti-/3-catenin antibodies as described in Section 3.3.
